Staphylococcus aureus is a major human and animal pathogen. During infection, this organism not only is able to attach to and enter host cells by using its cell surface-associated factors but also exports toxins to induce apoptosis and kill invaded cells. In this study, we identified the regulon of a two-component signal transduction system, SaeRS, and demonstrated that the SaeRS system is required for S. aureus to cause infection both in vitro and in vivo. Using microarray and real-time reverse transcriptase PCR analyses, we found that SaeRS regulates the expression of genes involved in adhesion and invasion (such as those encoding fibronectin-binding proteins and fibrinogen-binding proteins) and genes encoding ␣-, ␤-, and ␥-hemolysins. Surprisingly, we found that SaeRS represses the Agr regulatory system since the mutation of saeS up-regulates agrA expression, which was confirmed by using an agr promoter-reporter fusion system. More importantly, we demonstrated that inactivation of the SaeRS system significantly decreases the bacterium-induced apoptosis and/or death of lung epithelial cells (A549) and attenuates virulence in a murine infection model. Moreover, we found that inactivation of the SaeRS system eliminates staphylococcal adhesion and internalization of lung epithelial cells. We also found that both a novel hypothetical protein (the SA1000 protein) and a bifunctional protein (Efb), which binds to extracellular fibrinogen and complement factor C3, might partially contribute to bacterial adhesion to and invasion of epithelial cells. Our results indicate that activation of the SaeRS system may be required for S. aureus to adhere to and invade epithelial cells.
Staphylococcus aureus is an important community-and hospital-acquired pathogen that can cause serious disease, including skin and soft tissue lesions, as well as life-threatening infections such as pneumonia, endocarditis, and toxic shock syndrome (38, 49) . This organism's ability to cause such a variety of diseases partially depends on the expression of its many virulence factors, such as surface-associated adhesins (17) , a polysaccharide capsule, and a range of extracellular cytotoxins, proteases, DNases, and enterotoxins (27) . Most of the virulence factors have been found to be controlled differentially by different two-component signal transduction regulatory systems (TCS), such as Agr (45) , ArlRS (18, 37) , and SaeRS (20) , and global regulators, such as SarA (9) , Rot (41, 53) , and Mgr (39) . Therefore, TCSs have been implicated together with other regulators to play an important role in bacterial pathogenesis (45) .
The well-studied regulatory system in S. aureus is the Agr quorum sensing system, which is composed of the AgrBDCA structural genes and RNAIII, the effector molecule of the agr locus (45) . The agrB gene encodes a membrane-associated protease required for modifying the prepropeptide of AgrD and generating small peptide signaling molecules. The peptide signal molecules can be recognized by the membrane-associated sensor kinase (AgrC), which subsequently activates the response regulator (AgrA), which up-regulates RNAIII production (28, 62) . The expression of RNAIII is temporal, with maximal expression occurring in the transition from the postexponential to the stationary phase. RNAIII is a dual regulator of staphylococcal virulence factors, including exoproteins and surface proteins (e.g., protein A, coagulase, and some adhesins) (45) . Recent studies suggested that Agr positively regulates cap5 expression both in vitro and in vivo (57) . Other TCS loci, such as arlRS (18) , also positively regulate the expression of virulence factors, such as Ser-Asp-rich bone sialoprotein-binding proteins, and repress some exported proteins, including cysteine protease, serine protease, the hla gene product, ␤-hemolysin, and leukotoxins (37) . The srrAB system is involved in the adaptation to anaerobic growth of S. aureus and in the regulation of virulence factors such as toxic shock syndrome toxin 1 and protein A (61) .
In this paper, we investigate the SaeRS system, another important two-component signal transduction system involved in the control of virulence gene expression (20, 23, 55) . The response regulator SaeR is similar to other regulatory proteins, such as DrrA from Thermotoga maritima and ResD and PhoP from Bacillus subtilis (20) . The N-terminal region of SaeR contains a highly conserved aspartate phosphorylation site commonly found in response regulators (6) . The C terminus of the histidine protein kinase SaeS has an autophosphorylated histidine residue that is similar to other sensors of histidine kinase, such as PhoR and YkoH from B. subtilis and VanS from Enterococcus faecium (20) . The N-terminal region of the SaeS protein possesses two transmembrane domains that are also found in other sensor proteins (6) . It has been reported that the expression of sae is repressed in the presence of glucose as a consequence of changes in the pH (46) . The SaeRS system up-regulates the transcription of hla, hlb, and coa (20) but has no effect on the expression of agr or sarA in vitro (21) . Moreover, the SaeRS system also controls hla expression in vivo, as the level of hla transcripts is significantly decreased in sae mutant strains during infection (22, 23) . The SaeRS system might function independently as a regulator since SaeRS-dependent and Agr/SarA-independent activation of hla was found in exudates accumulated in a guinea pig model of infection (22, 23) . It was reported that mutation of sae in S. aureus strain Newman eliminates the transcription and expression of fnbA and increases the expression of CP5; it also leads to a significant decrease of the internalization of S. aureus by endothelial cells (56) . Moreover, the role of the SaeRS system as a virulence regulator has been demonstrated in several animal models of infection (3, 23, 51) . Therefore, the SaeRS regulatory system appears to play an important role in the modulation of virulence gene expression during certain types of infection.
In this study, we aimed to examine more specifically the roles of the SaeRS system in bacterial pathogenesis. We created a saeS gene replacement mutant in an S. aureus isolate from a human and identified the regulon of saeRS using Affymetrix S. aureus oligonucleotide arrays. We also examined the impact of the mutation of saeS on bacterial adherence and internalization in epithelial cells, S. aureus-induced apoptosis and death, and survival and/or virulence by using a murine infection model. Our microarray data indicate that SaeRS may affect the expression of a bifunctional protein (Efb) which binds to both extracellular fibrinogen (48) and complement factor C3 (36) and a gene encoding a hypothetical fibrinogenbinding protein (the SA1000 protein). In order to understand whether these proteins are involved in pathogenesis, we constructed allelic gene replacement mutants and examined the impact of mutation on bacterial adhesion and invasion.
MATERIALS AND METHODS
Bacterial strains, media, and growth conditions. S. aureus strain RN4220 was utilized as the primary recipient for allelic exchange constructs, together with strain WCUH29 (NCIMB40771), a virulent clinical isolate, as a secondary recipient for phage transduction. S. aureus strain 15981 and the 15981 ⌬saeRS strain were kindly provided by I. Lasa (56) . Escherichia coli DH10B (Invitrogen) served as the host for all in vitro recombinant DNA. Bacteria were grown in tryptic soy broth (TSB) (Difco) and on tryptic soy agar (TSA) at 37°C. Bacterial cell cultures were incubated at 37°C with shaking at 200 rpm. The Sa371ko mutant was maintained on TSA plates with tetracycline (Tc) at a concentration of 5 g/ml.
Construction of saeS, SA1000, and efb gene replacement null mutants, saeS, SA1000, and efb gene complementary strains, and agrA promoter-gfp reporter fusion system. The S. aureus vector pSA7755 was used to generate gene replacement mutants as described previously (15) . A cassette containing the tet gene (flanked by chromosomal fragments from upstream and downstream of the saeS, SA1000, or efb gene to be replaced) was constructed in pBluescript and inserted into pSA7755. An S. aureus strain, RN4220, carrying this hybrid plasmid was grown at a restrictive temperature (40°C) for pSA7755 replication in the presence of 5 g/ml tetracycline. These conditions allow the growth of only cells with tet inserted into the chromosome by homologous recombination. To obtain gene replacement, the mutated locus was transduced into the wild-type strain WCUH29 by 11 transduction. We determined that allelic replacement had occurred and resulted in the saeS null mutant strain Sa371ko, the SA1000 mutant strain Sa1000ko, and the efb null mutant strain Efbko by selecting for tetracycline resistance and screening for the loss of the erythromycin resistance marker carried by the vector. The mutation in saeS, SA1000, or efb was verified by PCR using primers specific to the saeS, SA1000, efb, or tet gene. The results showed that no PCR product from the saeS, SA1000, or efb gene was obtained from the mutant strains, whereas there was a PCR product of the expected size obtained from the wild-type strain using primers specific to saeS, SA1000, or efb (data not shown). In contrast, a PCR product was obtain from the mutant strains (but not the wild-type strain) by using a primer specific to tet. To further confirm the saeS, SA1000, or efb mutation, we performed Southern blot analysis using digoxigenin (DIG)-labeled probes and found that no DNA hybridized with the saeS, SA1000, or efb probe in the mutant chromosomal DNA (Fig. 1) .
In order to examine whether the expression of saeS, SA1000, or efb in trans can complement the effect of mutation of the corresponding endogenous gene, we constructed the recombinant plasmids pYH4/saeS, pYH4/SA1000, and pYH4/efb by cloning the saeS, SA1000, and efb coding regions (obtained by PCR), respectively, into the AscI and PmeI sites of pYH4 (31) and electroporated them into the Sa371ko, Sa1000ko, and Efbko strains, resulting in the Sa371com, Sa1000com, and Efbcom strains, respectively. The recombinant plasmid DNAs of pYH4/saeS, pYH4/SA1000, and pYH4/efb were isolated from the complementary strains and confirmed by PCR and DNA sequencing (data not shown).
In order to confirm whether the mutation of saeS has an impact on agrA expression, we utilized an agrA promoter-gfp reporter fusion system, which was a kind gift from Philip Hill. Plasmid DNA was purified and electroporated into S. aureus WCUH29 and Sa371ko, resulting in the WCUH29/pCY1006 and Sa371ko/pCY1006 strains, respectively. gfp expression was determined by Western blotting as described previously (31) , using a green fluorescent protein (GFP) antibody (Abcam Inc., MA).
RNA isolation and purification. Overnight cultures of S. aureus were inoculated into 5% TSB medium and grown to the mid-exponential (3 h) phase of growth. Cells were harvested by centrifugation, and RNAs were isolated by use of an RNAPrep kit (Promega, MI). Contaminating DNA was removed with a DNA-free kit (Ambion), and the RNA yield was determined spectrophotometrically at 260 nm.
cDNA synthesis, cDNA fragmentation, and labeling. The integrity of the RNA preparations was analyzed by electrophoresis in 1.2% agarose-0.66 M formaldehyde gels. The 23S and 16S rRNA bands were clear, without any obvious smearing patterns. Briefly, a total of 10 g of RNA was reverse transcribed to generate cDNA, using Superscript II reverse transcriptase (RT) and random primers (Invitrogen). The RNA was then removed by treatment at 65°C for 30 min with NaOH. The cDNA was purified by using a QIAquick PCR purification kit (QIAGEN). The purified cDNA was digested with DNase I and labeled with biotin-ddUTP (Roach).
Hybridization and scanning. After determining that the fragmented cDNAs were labeled with biotin, the fragmented biotinylated cDNAs were hybridized to S. aureus chips (Affymetrix) containing probe sets for S. aureus genomic open reading frames (ORFs), and hybridization intensities for each of the genes/ transcripts were collected from the scanned images.
Microarray analysis. The S. aureus array (Affymetrix) contained probe sets for over 3,300 S. aureus open reading frames based on the updated S. aureus genomic sequences of strains N315, Mu50, NCTC 8325, and COL. Additionally, the array also contained probes to study both the forward and reverse orientations of over 4,800 intergenic regions throughout the S. aureus genome. A subsequent analysis suggested that these probes represent approximately 2,738, 2,668, 2,773, and 2,810 individual genes of the S. aureus COL, N315, NTC8325, and Mu50 genomes, respectively.
To identify genes with significantly altered expression, microarray analyses and a series of statistical analyses (filtering) were performed as described previously (37) . We selected the genes with significant differential expression (P Ͻ 0.05). Those genes negatively regulated by the SaeRS system were identified as ORFs with transcript titers at least 1.8-fold higher in Sa371ko (saeS negative) than in WCUH29. Genes whose transcript levels were at least 1.8-fold higher in WCUH29 than in Sa371ko (saeS negative) were categorized as being positively regulated by SaeRS.
RT-PCR and quantitative real-time RT-PCR analysis. In order to examine whether the complementary strains expressed the knockout genes in trans, we performed RT-PCR, using the saeS-, SA1000-, or efb-specific primers listed in Table 1 , as described previously (29) . In order to confirm the results obtained from the microarray analyses, we employed quantitative real-time RT-PCR to compare the RNA levels that showed significant changes of expression in the 4656 LIANG ET AL. INFECT. IMMUN. microarray assay (37) . The first-strand cDNA was synthesized using reverse transcriptase with a SuperScript III Platinum two-step qRT-PCR kit (Invitrogen). For each RNA sample, duplicate reverse transcription reactions were performed, as well as a control without reverse transcriptase, in order to determine the level of DNA contamination. PCRs were set up in triplicate by using SYBR green PCR master mix (Bio-Rad). Real-time sequence-specific detection and relative quantitation were performed with the Stratagene Mx3000P real-time PCR system. Gene-specific primers were designed to yield ϳ100-bp specific products (Table 1) . Relative quantification of the product was calculated using the comparative cycle threshold method as described for the Stratagene Mx3000P system. The housekeeping 16S rRNA gene was used as an endogenous control (37) . All samples were analyzed in triplicate and normalized against 16S rRNA gene expression. The experiments were repeated at least twice and analyzed for correlation to the microarray results.
Cell culture and epithelial cell adhesion and invasion assay. A549 human lung epithelial cells (ATCC CCL 185) were cultured in RPMI 1640 medium supplemented with 10% fetal bovine serum (FBS; Invitrogen). Cultures of A549 cells were maintained in a medium containing penicillin (5 g/ml) and streptomycin (100 g/ml) (Sigma).
Assays of bacterial invasion and adherence were performed as previously described (1, 10, 57) . Assays were performed in RPMI 1640 medium supplemented with of 10% FBS (RPMI-FBS). We used 0.025% Triton X-100 for better cell lysis. Briefly, 1 day prior to infection, approximately 2 ϫ 10 5 cells were seeded in each well of 24-well plates and incubated overnight at 37°C in a CO 2 incubator. Monolayers of A549 cells (2 ϫ 10 5 cells/well) were infected by adding 0.5 ml RPMI containing approximately 5 ϫ 10 5 CFU of bacteria, followed by centrifugation at 100 ϫ g for 5 min, and were incubated for 1 h at 37°C in 5% CO 2 . To measure bacterial adherence, the culture medium was removed from monolayers 1 h after infection and discarded. The monolayer cells were then washed three times with phosphate-buffered saline (PBS; pH 7.4) to remove nonadherent bacteria. Epithelial cells were dispersed by the addition of 150 l of 0.25% trypsin-1 mM EDTA (Invitrogen) and then lysed by the addition of 400 l of 0.025% Triton X-100. The numbers of bacterial CFU released from the lysed epithelial cells were determined by plating of diluted lysates on TSA plates. For invasion assays, the culture medium was collected from wells used for total counts and discarded from wells used for invasion assays after 2 h of incubation. The monolayer cells were washed three times with PBS (pH 7.4), followed by the addition of 1 ml of RPMI-10% FCS containing 100 g/ml gentamicin and 5 g/ml lysostaphin to invasion wells and 1 ml of RPMI-10% FBS to total wells, and were then incubated. After 2 h, the supernatants in the wells were removed and discarded. All wells were washed three times with 1 ml PBS. A total of 1 ml RPMI-10% FBS containing100 g/ml gentamicin and 5 g/ml lysostaphin was added to the invasion wells to kill outside bacteria, and 1 ml of RPMI-10% FBS was added to the wells used for total counts. The supernatant was removed from each well after 1 h of incubation. All wells were washed three times with 1 ml warm PBS, and then 150 l of 0.25% trypsin-EDTA was added. After 5 min, the cells in each well were carefully collected, and then 400 l of 0.025% Triton X-100 was added to the tubes on ice. The numbers of bacterial CFU released from the lysed epithelial cells were determined by plating of diluted lysates on TSA plates. The bacterial adhesion in each well was determined as the CFU that adhered to and invaded into the cells and is expressed as a percentage of the CFU in the inoculum (58) . The controls were wells pretreated with medium alone (RPMI) or were the wild-type control strains, considered to have 100% adhesion. Adhesion and invasion were then normalized against controls (1, 58) . Each experiment was repeated three times, and all of the relative adhesion and invasion values were calculated and statistically analyzed by Student's t test, using Microsoft Excel 2003 software. P values of Ͻ0.05 were considered significant.
DNA fragmentation assay. Infected and control cells were collected, lysed with lysis buffer, and treated with RNase (10 mg/ml) and proteinase K (20 mg/ml). DNAs were purified from the epithelial cells 24 h after infection with the saeS mutant or its parent strain by using phenol, precipitated with ethanol, and washed with 75% ethanol. DNAs were dissolved in 100 l Tris-EDTA buffer, followed by electrophoresis using 1.2% agarose gels (43) .
Cytotoxicity assays. All cells were grown in 96-well plates to 70% confluence. Inhibitors were diluted serially in complete medium and applied to the cells. The supernatants from the overnight cultures of WCUH29 and Sa371ko were immediately applied to the cells, and the treated cells were incubated at 37°C with 5% CO 2 overnight (16 h). At the end of the experiment, cell viability was determined by using the CellTiter 96 aqueous nonradioactive cell proliferation assay (Promega) according to the manufacturer's instructions.
Hematogenous pyelonephritis infection. Overnight cultures of bacteria were started from single colonies in 10 ml of TSB and grown at 37°C with shaking. Cells were centrifuged and washed twice in PBS. The A 600 was adjusted to approximately 0.2. Female CD-1 mice (18 to 20 g) were inoculated with 0.2 ml of this suspension (containing approximately 7 log 10 CFU bacteria) by tail vein injection (29, 30) . Mice were monitored twice daily for signs of illness, and any which appeared moribund were euthanized prior to the end of the experiment. All remaining animals were euthanized by carbon dioxide overdose at 3 days postinoculation. Both kidneys were removed, using aseptic technique, and homogenized in 1 ml PBS before enumeration of viable bacteria following plating on TSA plates.
RESULTS
Construction and characterization of saeS gene replacement mutant of a human clinical S. aureus isolate. In order to examine the effect of the SaeRS system on bacterial pathogenesis, we created a saeS gene replacement mutant of the human clinical isolate WCUH29, designated Sa371ko, by the homologous gene recombination strategy described in Materials and Methods. To confirm the allelic replacement, chromosomal DNAs were isolated from the mutant Sa371ko and wild-type WCUH29 strains, and diagnostic PCR analysis (see Materials and Methods) and Southern blot analysis were used to confirm the mutation (Fig. 1A) . The results showed that the saeS gene was knocked out by allelic gene replacement (Fig. 1A) .
To determine whether the allelic mutation of saeS had any impact on bacterial growth and morphology, we measured the growth curve of the saeS mutant strain in nutrient-rich TSB medium with Tc and the CFU on TSA-Tc. The results showed that there was no difference in growth pattern and CFU between the saeS knockout strain and its parent strain. We did not observe obvious differences in the morphological phenotype, such as colony size and shape, after the mutation of saeS.
The SaeRS system regulates the expression of genes involved in adhesion, invasion, and toxicity in vitro. Previous studies have demonstrated that the SaeRS system is involved in regulating the expression of several virulence genes, including hla, hlb, and coa (21, 22) . In order to comprehensively understand the saeRS regulon, we performed a microarray analysis to examine the effect of the mutation of saeS on gene transcription, using Affymetrix S. aureus oligonucleotide chips as described in Materials and Methods. Unlike other two-component signal transduction systems, such as agr (12) and arl (37) , where the mutation of agr or arl has a global effect on the expression of numerous genes, our microarray data showed that the mutation of saeS significantly affected the expression of fewer than 20 genes ( Table 2 ). The microarray data indicated that the SaeRS system is involved in positive regulation of genes encoding fibronectin-binding proteins (FnBPs) and fibrinogen-binding proteins, such as fnbB, fnb, and coa (the mRNA levels in the wild type were Ͼ10-, Ͼ3-, and Ͼ7-fold higher, respectively, than those in the null mutant), as well as genes encoding a putative hypothetical protein, the SA1000 protein, and a bifunctional protein (Efb) (the mRNA levels in the wild type were Ͼ50-and Ͼ35-fold higher, respectively, than those in the null mutant) ( Table 2 ). To validate these results, a real-time RT-PCR was performed, and the results demonstrated that the levels of fnbB, SA1000, efb, and SA1004 mRNAs in the wild-type strain were significantly higher than those in the saeS mutant strain (Table 3 ). We also found that SaeRS is involved in the regulation of genes encoding toxins, including hla, hlb, hlgC, and set-15 (the levels of mRNA in the wild type were Ͼ23-, Ͼ4-, Ͼ1.7-, and Ͼ75-fold higher, respectively, than those in the null mutant) ( Table 2 ). The observation that SaeRS positively affected hla and set-15 expression was confirmed by a real-time RT-PCR analysis in which RNA samples from the saeS mutant and the wild-type strain were taken at the mid-exponential growth phase. The results demonstrated that hla and set-15 mRNAs were significantly higher in the wild-type strain than in the saeS mutant strain (Table 3 ). In addition, we found that SaeRS positively affects several genes with unknown functions (Table 2) . Importantly, our microarray and RT-PCR results indicate that even the magnitudes of the changes of the identified gene mRNA levels in the saeS mutant strain were highly consistent between the microarray and real-time RT-PCR data.
Very surprisingly, the microarray results indicated that the SaeRS system negatively affects agrA ( Table 2 ). In addition, the mutation of saeS increased agrB (1.5-fold) and agrC (1-fold) expression (data not shown). Real-time RT-PCR analysis confirmed that the agrA mRNA level was significantly lower in the wild-type strain than in the null mutant (Table 3) . To further confirm the effect on agr expression, we introduced an agrA promoter-gfp reporter fusion and determined the impact of the mutation in saeS on agr expression by monitoring the reporter gene. The results showed that the production of GFP was significantly up-regulated in the saeS null mutant (Sa371ko/pCY1006) compared to that in the wild-type control (WCUH29/pCY1006) (Fig. 2) . Taken together, these data indicate that SaeRS may repress the agrA regulatory system in strain WCUH29.
Inactivating the SaeRS system eliminates staphylococcal adhesion and internalization of epithelial cells. It has been
reported that the SaeRS system plays an important role in staphylococcal adhesion and internalization into endothelial cells (55) . Our genomic mRNA analysis also indicated that the SaeRS system regulates gene products that are associated with bacterial adhesion and/or invasion. In order to more specifically characterize the role of the SaeRS system in the bacterium's interaction with epithelial cells, we examined the impact of the saeS null mutation on adhesion to and/or internalization of lung epithelial cells. We found that the adherence of the saeS mutant strain was significantly less than that of the parent strain (Fig. 3A) . Moreover, compared to the parent cells, less than 10% of the saeS mutant cells were able to internalize into epithelial cells after 2 h of infection (Fig. 3B) . To further confirm the role of SaeRS in bacterial adherence and invasion, we examined the effect of the saeRS null mutation on adhesion to and invasion of epithelial cells. The results were similar to those for the saeS null mutant in that both adhesion and internalization of the null mutant (strain 15981 ⌬saeRS) were significantly less than those of the parent strain (15981; data not shown).
To investigate whether the expression of saeS in trans can complement the effect of the mutation of endogenous saeS, we constructed a recombinant plasmid, pYH4/saeS, containing the saeS coding region and transformed it into the Sa371ko strain. First, we examined saeS expression by RT-PCR using saeSspecific primers. The results showed that a specific saeS PCR product was yielded with RT; in contrast, no PCR product was detected in the reaction without RT (Fig. 3C ). This indicates that there is saeS expression in the pYH4/saeS complementary construct. We then examined the influence of the plasmidborne saeS gene on adherence and internalization. The results
FIG. 2.
Western blot analysis of gfp expression in an agrA promotergfp fusion. S. aureus strains were incubated in TSB. The same amounts of bacterial cells were harvested from cultures at an optical density at 600 nm of 0.5 (log phase) by centrifugation. Whole-cell lysates were prepared, and the same amounts of protein were loaded into 12% sodium dodecyl sulfate-polyacrylamide gels and probed with rabbit anti-Gfp antiserum in a Western blot assay. Lane 1, Sa371ko/ pCY1006; lane 2, WCUH29/pCY1006; lane 3, WCUH29. a Normalized values for the wild-type strain over those for the saeS null mutant. b agr and sar effects were described by Dunman et al. (12), rot effects were described by Saïd-Salim et al. (53), and sigB effects were described by Bischoff et al. (4) . ϩ, up-regulation; Ϫ, down-regulation. showed that the bacterium's capacity to adhere to and invade epithelial cells was restored fully (Fig. 3A and B) . A putative fibrinogen-binding protein and the exported fibrinogen-binding protein are involved in adherence and internalization. It is well known that FnBPs are required for the internalization of S. aureus by endothelial cells (47) . We selected two genes (SA1000 and efb), encoding a hypothetical protein and a bifunctional protein, Efb (36) (which binds extracellular fibrinogen and complement factor C3), respectively, due to their apparent regulation by SaeRS from our microarray data and investigated whether they are involved in bacterial adhesion and invasion. We created SA1000 and efb allelic gene replacement null mutants as described in Materials and Methods and confirmed the replacement mutations by PCR (see Materials and Methods for details) and Southern blot analysis (Fig. 1B and C) . We then examined the adhesion to and invasion of epithelial cells by the mutant strains Sa1000ko and Efbko. The results showed that both adhesion and internalization of the null mutant strains (Sa1000ko and Efbko) were significantly less than those of the parent strain (Fig. 4A to D) . These results indicate that the putative hypothetical protein and Efb may be involved in adhesion to and invasion of epithelial cells.
To investigate whether the expression of SA1000 or efb in trans can complement the effect of the mutation of endogenous SA1000 or efb, we constructed the recombinant plasmids pYH4/SA1000 and pYH4/efb and transformed them into the Sa1000ko and Efbko strains, respectively. The RT-PCR results showed that specific SA1000 and efb PCR products were yielded with RT; in contrast, no PCR products were detected in the reaction mixtures without RT (data not shown). Moreover, the adhesion and invasion results showed that the bacteria's capacity to adhere to and invade epithelial cells was restored fully (Fig. 4A to D) . These results indicate that the putative SA1000 protein and the extracellular fibrinogen-binding protein Efb also affect pathogen-host cell interactions, albeit with an effect that is not as pronounced as that of the saeS knockout.
Inactivation of the SaeRS system inhibits S. aureus-induced apoptosis of human lung epithelial cells. It has been reported that alpha-toxin is involved in S. aureus-induced apoptosis and cell death through certain host cell signaling pathways (2, 14, 24, 33) . Previous studies as well as our microarray results demonstrated that the SaeRS system regulates hla gene expression (21, 22) . Thus, it is likely that the SaeRS regulatory system may be involved in the S. aureus-induced apoptosis of host cells. To test this hypothesis, we examined the effect of the null mutation in saeS on S. aureus-induced apoptosis, using a standard DNA fragmentation assay. We observed no ladder fragmentation pattern of chromosomal DNA for cells infected with the saeS null mutant strain (Fig. 5) . In contrast, distinctive ladder patterns of chromosomal DNA were observed for cells infected with the parent strain (Fig. 5) . We then quantitatively measured the cell death induced by S. aureus, using a standard cytotoxic assay. The results showed that ϳ55% of the epithelial cells infected by the wild-type strain survived 26 h of infection, whereas Ͼ95% of the epithe- lial cells infected by the saeS mutant strain survived the same period of infection (Fig. 6A) . To determine whether the higher survival rate of the epithelial cells infected by the mutant may be due at least in part to the reduced levels of exported toxins, we examined the effect of SaeRS on cytotoxicity, using the supernatants of S. aureus cultures. In correlation with the whole-cell infection results, the supernatants of the saeS mutant strain showed no detectable toxicity to epithelial cells, whereas the supernatants of the parent strain caused Ͼ50% cell death 24 h after being exposed to the cells (Fig. 6B) .
To investigate whether the expression of saeS in trans can complement the effect of the mutation of endogenous saeS, we examined the influence of the plasmid-borne saeS gene on S. aureus-induced cell death. The results showed that the bacterium's capacity to cause the death of epithelial cells was restored fully (Fig. 6A and B, Sa371com) . Taken together, the above results demonstrate that the SaeRS system is important for S. aureus-induced death of epithelial cells (A549).
The SaeRS system significantly affects bacterial survival during infection. To investigate the role of SaeRS in pathogenesis, we chose a murine model of hematogenous pyelonephritis. This model represents a localized kidney infection from which bacteria can be recovered and quantitated and has been used successfully to examine the essentiality of genes in vivo (29, 30) . We infected mice via the tail vein, removed their kidneys at 3 days postinfection, and examined the bacterial loads. We compared the null mutant strain with the wild type as a control, using identical bacterial CFU. The results showed that approximately 4 log 10 CFU of the saeS null mutant were recovered from infected kidneys, whereas, ϳ6 log 10 CFU of the wild-type strain were recovered from kidneys (Fig. 7) . These results indicate that the mutation in saeS significantly 
DISCUSSION
Microarray analysis has been widely used to identify genes regulated by different regulators in S. aureus, including AgrA and SarA (12) , Rot (53), Sigma B (4), and ArlRS (37) . In this study, we demonstrated that a two-component signal transduction system, SaeRS, is a predominant regulator of virulence factors in S. aureus. Using an Affymetrix oligonucleotide array, we identified the genes that are directly and/or indirectly regulated by the SaeRS system. Our microarray analysis showed that inactivating the SaeRS system dramatically down-regulates the expression of virulence genes that encode both cell wall-associated proteins (including fibronectin-and fibrinogenbinding proteins) and exported proteins, such as toxins. These data are highly consistent with our data from the semiquantitative RT-PCR analysis presented in this study, in which we saw a decrease in saeS expression and a decrease in mRNA expression of coa, fnbA, fnbB, efb, hla, and other genes. Our results are also consistent with previous findings that SaeRS controls the expression of coa, fnb, and hla (20, 21) , since no fnbA, fnbB, or coa mRNA was detectable in the saeS mutant strain (55) . We also found that SaeRS may control the transcription of a gene encoding a hypothetical fibrinogen-binding protein (SA1000). Therefore, our results indicate that the SaeRS system is likely an important regulator of virulence factors in S. aureus. Surprisingly, our microarray and RT-PCR results indicated that the SaeRS system negatively affects the expression of agrA, which was confirmed by using an agrA promoter-gfp reporter fusion. To investigate whether this negative impact is a direct effect is beyond the scope of this study. Our result is inconsistent with a previous report that Agr acts upstream of sae (46) , indicating that the two regulatory systems may interact with each other. In addition, our studies did not reveal significant differences in expression of the extracellular adherence protein (Eap) and the extracellular matrix protein-binding protein (Emp) (26) after inactivation of the SaeRS system. This is inconsistent with some previous reports (21, 24) , which may be due either to the different sensitivities of different approaches or to the use of different S. aureus isolates (5). However, genes that can bind to a dephosphorylated response regulator, SaeR, may have been missed, since we examined only the effects of knocking out the sensor of histidine kinase on gene expression. Also, microarray expression analyses are limited by the fact that short-lived and unstable transcripts are often not measured, as microarrays are essentially a "snapshot" of transcriptional activity occurring at a fixed point in time. Therefore, some genes that are differentially regulated by the SaeRS regulator during different phases of growth may go undetected. Because the microarray data represent the steady-state average levels of mRNA, whether these increased levels result from a direct or indirect effect of SaeRS cannot be discerned in this study.
Our results indicate that the SaeRS system regulates the expression of genes required for S. aureus to initiate infection, as we found that interrupting the signaling pathway of SaeRS significantly diminished bacterial adherence to and internalization into epithelial cells. These results are consistent with the significantly lower transcription levels of fnbA and coa in the saeS null mutant in this study and with previous findings that the SaeRS system plays an important role in bacterial adhesion to and invasion of human endothelial cells (55) . S. aureus expresses a series of adhesins which can facilitate the organism's adherence to and/or invasion of nonphagocytic cells by interacting with extracellular matrix components of the host, such as collagen, fibrinogen, and fibronectin (17) . Although there are some contradictory results from different models of infection (7, 8, 16, 35, 40, 44, 48) , fibronectin-binding proteins are the main surface-associated proteins that function as adhesins and invasins by assembling the extracellular matrix protein Fn, which bridges to host cell receptors, such as ␣ 5 ␤ 1 -integrin (13, 19, 54) . It has been demonstrated that fibronectinbinding proteins play a critical role in S. aureus infective endocarditis (35, 50, 60) and osteomyelitis (32, 42) . The prevalence of FnBPs in clinical isolates also indicates the importance of FnBPs for S. aureus infection (47, 48, 52) . In this study, we not only demonstrated that the SaeRS system regulates the production of FnBPs but also found that it controls a putative fibrinogen-binding protein (the SA1000 protein) and Efb (36) , which also contributes in part to the bacterial adhesion to and invasion of epithelial cells. It should be pointed out that we named the ORF SA1000 based on the S. aureus N315 annotated genome. However, we are not sure if the SA1000 protein is able to bind fibrinogen. Further studies to investigate potential mechanisms of the effects of the SA1000 protein and Efb on adhesion and invasion are in progress.
Our results also demonstrate that the SaeRS system modulates the expression of genes required for S. aureus to cause severe infections, since inactivation of the SaeRS system reduced the staphylococcal capability of inducing apoptosis and cell death. These results are consistent with the eliminated transcription of hla expression in vitro in this study and previous reports (11, 22) . Our unpublished data and studies by other investigators have demonstrated that alpha-toxin is necessary for S. aureus to cause different types of cell apoptosis and death via different signaling transduction pathways (2, 14, 25, 33) . Furthermore, in this study we demonstrated that the SaeRS system plays an important role in S. aureus pathogenesis in a murine model of infection. The contribution of sae to virulence has also been demonstrated using a mouse intraperitoneal infection model (3). These observations are consistent with other findings showing that alpha-toxin plays an important role in pathogenesis in different models of infection (29, 34) . Thus, activation of the SaeRS system is crucial for S. aureus to induce the death of infected cells, which in turn may promote the spread of infection.
Previous studies have demonstrated that surface-associated proteins, including FnBPs, are produced in great numbers in the early log phase of growth in vitro and during the early stage of infection; in contrast, the exported alpha-toxin is generated dramatically in the stationary phase of growth in vitro and during later stages of infection (11, 22) . The expression of coa and hla is regulated by a series of global regulators, including Agr, SarA, Sigma B, and Rot, while the transcription of fnb is regulated by SarA and Sigma B (4, 12, 45) . Moreover, the global regulators Agr and SarA have been demonstrated to play a role in the induction of apoptosis in epithelial cells by S. aureus, as agr and sar mutants are internalized but do not induce apoptosis (59) . Therefore, the SaeRS system might coordinate with these and/or other global regulators to differentially control the expression of virulence genes both in vitro and in vivo during infection.
In conclusion, in this study we identified the genes that are directly and/or indirectly regulated by SaeRS by using microarray analysis. Our results demonstrated that inactivation of the SaeRS system dramatically eliminates the capability of S. aureus to adhere to and/or invade epithelial cells and to trigger apoptosis and death of epithelial cells. Moreover, we demonstrated that a novel hypothetical fibrinogen-binding protein (the SA1000 protein) and a well-studied extracellular fibrinogen-binding protein, Efb (which are regulated by SaeRS and revealed in our microarray assay), are also involved in adhesion and invasion during pathogen-host interactions. These data indicate that activation of the SaeRS system is required for S. aureus to adhere to and invade epithelial cells.
